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ABSTRACT
High-Temperature Deformation and Environment-!ndueed 
Degradation of Waspaloy
by
Jagadesh K Yelavarthi
Dr. Ajit K. Roy, Examination Committee Chair 
Associate Professor o f Mechanical Engineering,
University o f Nevada, Las Vegas
The tensile properties of Waspaloy, a candidate structural material to be used in 
nuclear hydrogen generation, were evaluated at temperatures up to 1000°C. The results 
indieate that this alloy was capable o f maintaining appreciably high tensile strength up to 
600°C, followed by a substantial drop beyond this temperature. Between ambient 
temperature and 300°C, the failure strain was lowest at 300°C due to a maximum 
dislocation density, as determined by transmission electron microscopy. The lowest 
ductility was, however, observed at 800°C, possibly due to the formation o f brittle sigma 
phase. The eraeking susceptibility o f Waspaloy in an aeidie solution was enhanced at a 
higher temperature when tested by the slow strain rate (SSR) technique. Slight variations 
in ductility parameters, true failure stress and time to failure were observed under anodic 
controlled potentials in SSR testing. The magnitudes of eritical potentials, determined by 
an electrochemical method, became more active (negative) with increasing temperature. 
The general corrosion rate was gradually reduced with the longer exposure period. 
Combinations o f ductile and brittle failures were observed depending on the testing 
temperature.
Ill
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CHAPTER 1 
INTRODUCTION
The extensive utilization o f fossil fuels for residential, transportation and industrial 
applications has created a significant disparity in terms of supply and demand. The fossil 
fuels can generate carbon dioxide, which is known to promote global warming. In 
addition, the price of fossil fuels has been escalating at an alarming rate during this past 
century. Therefore, the availability of cost-effective suitable energy is a major challenge 
to mankind. The United States has been experiencing a significant shortage o f energy 
which is currently being met through import o f foreign oil and gas at a premium price. In 
order to circumvent the unusually high cost and reduced supply of conventional energy 
derived from fossil fuels, the United State Department of Energy (USDOE) has proposed 
a new source of energy, yet to be developed, namely hydrogen through the utilization of 
nuclear power.
Hydrogen has been known to be environment-friendly and cost effective source of 
energy for quite some time. This element is also available in abundant quantity in the 
earth’s atmosphere. However, the generation o f hydrogen in a cost-effective manner 
poses a severe challenge to engineers and scientists worldwide. While numerous methods 
have been explored in the industrialized countries to generate hydrogen, USDOE has 
been considering the use o f both electrolysis and thermochemical processes involving 
nuclear heat as a power source. Both approaches, however, need the utilization of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
significant amount o f heat for the efficient production of hydrogen. Even though the 
electrolytic process has been a viable method, it requires unusually high temperature, thus 
resulting in reduced efficiency. In order to achieve a better efficiency from power sources 
including nuclear heat, thermochemical cycles have been preferred by USDOE, 
compared to other methods. The efficieney o f the thermochemical water splitting cycles 
has been estimated to be around 50% [1 and 2].
Thermochemical cycles such as sulfur-iodine(S-I) and calcium-bromine (Ca-Br) are 
associated with the decomposition of water into hydrogen and oxygen through a series of 
chemical reactions at relatively high temperatures. However, the efficiency o f the Ca-Br 
process is relatively lower. Therefore, the S-I process consisting o f a series o f chemical 
reactions at different temperatures has been selected by USDOE to explore the hydrogen 
generation process at the initial stage. An illustration of the proposed hydrogen 
generation plant using nuclear power is shown in Figure 1.1. The chemicals to be used in 
the hydrogen generation plant will be chosen to create a closed loop, where water can be 
fed to the process, oxygen and hydrogen gases are collected, and all other reactants are 
regenerated and recycled.
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Figure 1.1. Nuclear Hydrogen Generation System
The S-I cyele, developed by the General Atomics Corporation (GA) consists o f three 
chemical reactions that can sum to the dissociation o f water using iodine (H) and sulfur 
dioxide (SO2) as chemical catalysts, as illustrated in Figure 1.2. This figure clearly 
demonstrates three chemical reactions in steps that include the formation and separation 
of sulfuric acid (H2SO4) and hydrogen iodide (HI), and their subsequent eoncentration 
and decomposition. The chemical reactions involved in the S-I cycle are shown below.
I2 + SO2 + 2 H2O 2HI + H2 SO4 (I20°C min.)  (Reaction I)
H2SO4 H2O + SO2 + 14 O2 (850°C min.)  (Reaction 2)
H2SO4 ^  H2O + SO3 (400-500°C) ------- (Reaction 3)
2 SO3 2 SO2 + O2 (750°C)  (Reaction 4)
2HI —> H2 + I2  (360°C min.)  (Reaction 5)
Reaction 1 is known as Bunsen reaction. It is an exothermic reaction, which occurs 
spontaneously at temperatures ranging between 20 and I20°C. At certain reactant 
concentrations, involving an excess o f iodine, a phase separation occurs between SO2 and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
water (H2O), leading to the formation of H2SO4 and HI. Reaction 2 involves the 
decomposition of H2SO4 in steps, characterized by 2-stage endothermie reactions, as 
shown by reactions 3 and 4. The reaction 3 occurs at temperatures ranging from 400- 
500°C, whereas the reaction 4 occurs at a temperature of approximately 850°C in the 
presence of a solid catalyst such as platinum. Reaction 5 involves the decomposition of 
the hydroiodie acid (HIx) into H2 and I2 . This is slightly endothermie, and can be 
conducted in the liquid or gaseous phase [3].
The formation, concentration and decomposition of H2SO4 and HI according to the 
chemical reactions shown above will occur in separate sections o f the hydrogen 
generation plant, as illustrated in Figure 1.2. The formation and separation of H2SO4 
occurs in section I. Since, H2SO4 and HI are immiscible, they can be separated by 
gravitation and individually collected in sections 2 and 3, respectively. The concentration 
o f H2SO4 generated by reaction 2 can occur at a minimum temperature o f 850°C. The 
decomposition of H2SO4 at 850°C into water, SO2 and O2 occurs in a vertical 
decomposition chamber due to the vaporization of H2SO4. HI formed by reaction I 
undergoes decompositions into H2 and h  in section 3 by extractive distillation at a 
minimum temperature o f 360°C. Although, this method is relatively simple, a highly 
corrosive environment may be generated by this process.
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Figure 1.2. Components of S-I cycle
In view of the preceding discussions, it is obvious that the heat exchanger system 
under the S-I cycle have to be operated at temperatures of at least 850°C in the presence 
o f aggressive chemical species such as H2SO4. Thus, the structural materials to be used in 
hydrogen generation must possess superior tensile properties at elevated temperatures and 
excellent corrosion resistance. Since the concept o f nuclear hydrogen generation using 
the S-I cycle is in its early stage from a feasibility point of view, significant efforts are in 
progress to identify and characterize suitable structural materials having the desired 
tensile and corrosion properties for applications in hostile environments prevalent in the 
proposed S-I cycle. Based on recommendations by the Materials Advisory Board formed 
by U SD O E, and extensive literature search [4], several nickel (Ni)-base materials have 
been identified for characterization o f both metallurgical and corrosion behavior in 
environments relevant to the S-I cycle. This investigation is focused on the elucidation of 
both tensile and corrosion properties o f Waspaloy, which is known to provide superior
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
tensile strength at elevated temperatures and moderate corrosion resistance in hostile 
environments for numerous industrial applications. [5, 6  and 7]
Several investigators at UNLV [8 , 9, and 10] have studied the corrosion behavior of a 
group o f Ni-base alloys in simulated aqueous environment. Simultaneously, the tensile 
properties o f these alloys have also been evaluated at some intermediate temperatures. 
Therefore, this investigation is primarily focused on the metallurgical characterization of 
Waspaloy including the tensile properties at temperatures up to 1000°C. Further, the 
deformation characteristics of this alloy have been extensively studied using state o f the 
art analytical tools such as transmission electron microscopy (TEM). It is well known that 
structural materials may exhibit work hardening characteristics showing reduced ductility 
within some critical temperature range due to a metallurgical phenomenon known as 
dynamic strain ageing (DSA) [11]. Therefore, an extensive effort has been made in this 
investigation to develop a basic understanding o f DSA.
Simultaneously, limited studies have been performed on the corrosion behavior of 
Waspaloy in environments previously used by UNLV investigators. The susceptibility of 
Waspaloy to stress corrosion cracking (SCC) and localized corrosion has been studied by 
using techniques such as slow strain rate (SSR), self-loading and electrochemical 
polarization, respectively. Efforts have also been made to analyze the fracture 
morphology of the tested specimens by scanning electron microscopy (SEM). In essence, 
this investigation has resulted in basic understanding of metallurgical and corrosion 
behavior of austenitic Ni-base Waspaloy for prospective application as a structural 
material for hydrogen generation using nuclear power.
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CHAPTER 2
TEST MATERIAL, SPECIMENS AND ENVIRONMENT
2.1 Test Material
The material tested in this investigation is a Ni-base austenitic alloy known as 
Waspaloy that has been extensively used for high-temperature applications in the aircraft 
industry. In addition to Ni, chromium (Cr), and molybdenum (Mo), Waspaloy contains a 
significant amount of cobalt (Co). Further, elements such as aluminum (AE) and titanium 
(Ti) are also present in this alloy. The high temperature tensile strength o f this alloy has 
been attributed to the formation o f precipitates [Ni] (Al,Ti)], that are coherently 
formed within the Ni-rich austenitic matrix in an ordered fashion [12]. Further, the 
presence of Cr and Mo can provide the enhanced corrosion resistance o f this alloy in 
many hostile environments [13]. The physical properties of Waspaloy are given in Table
2.1 [14].
Table 2. 1 Physical Properties of Waspaloy
Physical Property Values
Density 8.19 g/cm^
Melting Range 1340-1390”C
Mean Coefficient of Thermal Expansion 6 . 8  X 1 0 -^in/in.°F
Modulus o f Elasticity 32000 ksi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Round bars and flat plates of Waspaloy were received from Fry steel Company and 
Reade Advanced Materials in heat-treated conditions. They were solution-annealed at 
1925 F followed by water quenching, thus resulting in a fully-austenitic microstructure. 
The chemical compositions of Waspaloy received from both vendors are shown in table 
2.2. Further, the tensile properties including yield strength (YS), ultimate tensile strength 
(UTS), % elongation (%E1) and %reduction in area (%RA) o f the as-received Waspaloy 
are given in Table 2.3.
Table 2.2. Chemical Compositions o f Waspaloy tested (wt %)
Heat
No.
C Co C r Fe M n Mo Ni P AI Ti Ta Si V w
GH55 0.044 13.11 19.40 0.08 0.01 4.23 58.61 0.002 1.39 3.03 0.02 0.02 0.01 0.02
I865C 0.037 13.13 19.69 0.86 0.03 4.27 57.49 0.003 1.35 3.03 0.01 0.01 0.01 0.03
Table 2.3. Ambient Temperature Tensile Properties o f Waspaloy
Heat No Yield Strength (Ksi)
Ultimate Strength 
(Ksi)
%E1 %RA
GH55 95 190 44 47
1865C 100 198 43 48
2.2 Test Specimens
The structural material to be used in heat exchangers for hydrogen generation must 
possess superior high temperature tensile properties and excellent corrosion resistance. In 
view o f these requirements specimens of different configurations were used to evaluate 
tensile and corrosion properties under conditions relevant to the nuclear hydrogen 
generation process. The tensile properties o f Waspaloy were determined by using smooth 
cylindrical specimens having 4-inch (101.6mm) overall length, 1-inch (25.4mm) gage
8
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length and 0.25-inch (6.35mm) gage diameter, maintaining a length (1) to diameter (d) 
ratio of 4, as prescribed by the ASTM Designation E 8  [15]. These specimens were 
machined from the heat-treated round bars in such a way that the gage section was 
parallel to the longitudinal rolling direction. The pictorial view and geometric 
configuration of the smooth cylindrical specimens are shown in Figure 2.1.
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Figure 2. 1 (a) Pictorial view o f the Tensile Specimen (b) Schematic view o f the Tensile
Specimen
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For SCC testing using the SSR technique, the smooth cylindrical specimens, shown 
above, could not be used due to enhanced duetility resulting in longer failure time. 
Further, in view of the high tensile strength in Waspaloy a maximum load limit o f 7500 
pounds associated with the SSR load cell could not be utilized to cause complete failure 
o f the cylindrical specimens having a gage length o f 1-inch. Accordingly, the smooth 
cylindrical specimen was modified to reduce both the gage length and gage diameter, 
keeping the 1/d ratio still at 4. These modified cylindrical specimens enabled a suceessful 
completion of the SSR testing until they failed in tension, at the same strain rate. The 
configuration of the modified smooth cylindrieal specimen is shown in Figure 2.2.
-----
------
Label both ends o f  the ^xolnicn ucc-utding to the altWiwl spcoiiicadun
Figure 2. 2. Configuration o f the Modified Smooth Cylindrieal Speeimen
The susceptibility of Waspaloy to localized corrosion (pitting and crevice) was 
determined by using eylindrical specimen having smaller length and diameter o f 0.4881 
inch (12.39 mm) and 0.37inch (9.39 mm), respectively with a central blind hole for 
holding with a stainless steel rods shown in Figure 2.3. Rectangular coupons having
10
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dimensions o f 1.25 x 0.75 x 0.125 (length x width x thickness) inches were machined for 
general corrosion studies at elevated temperatures using an autoclave. A circular hole 
having diameter 0.25 inch was machines at the top center of these coupons to insert a 
glass rod for holding them in a sample holder during the autoclave testing, as shown in 
Figure 2.4.
I—i-i
\
\
... I , -
I
f  j  I. > P : I ' I
Figure 2.3. Configuration o f the Modified Smooth Cylindrical Specimen
Figure 2.4. Schematic View of Coupon 
1 1
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In addition to the coupons mentioned above, self-loaded specimens such as C-ring 
and U-bend were used in this investigation, as illustrated in Figures 2.5 and 2.6, 
respectively. The C-ring is a versatile and economic type of specimen for quantitatively 
determining the susceptibility o f a material to SCC of all types of alloys in a wide variety 
o f product forms. It is particularly suitable for making transverse tests of tubing and rod 
and for making short-transverse tests o f various products. The U-bend specimens were
made by bending a rectangular strip at 180 around a pre-determined radius The U- 
bend and C-ring specimens were tested in the presence of an aqueous solution containing 
H2 SO4 inside an autoclave. The plastic strain imparted to the U-bend specimens during 
fabrication was maintained constant during SCC testing. The C-ring specimens were 
loaded to a desired applied stress level using an equation shown below.
ODf = OD -  A, and 
A = f*n*D ^/4*E*t*Z
Where,
OD = outside diameter of C-ring before stressing, in (or mm),
ODf = outside diameter of stressed C-ring, in (or mm), 
f  = desired stress, MPa (or psi) (within the proportional limit),
A = change in OD giving desired stress, mm (or in.),
D = mean diameter (OD - 1), mm (or in.), 
t = wall thickness, mm (or in.),
E = modulus o f elasticity, MPa (or psi), and 
Z = a correction factor for curved beams.
12
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Figure 2.5. C-ring Specimen
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Figure 2.6. U-bend Specimen
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2.3 Test Environment
As discussed earlier, a thermochemical process consisting of the formation and 
decomposition of H2 SO4 and Hi are proposed in the S-I cycle. Since, this investigation is 
focused on the characterization of metallurgical and corrosion behavior o f Waspaloy 
during the decomposition of H2 SO4  alone, no attempts has been made to evaluate the 
susceptibility o f Waspaloy to corrosion degradation in the presence o f HI. Rather, an 
aqueous solution containing H2 SO4  having a pH o f approximately I was used in the SCC 
and localized corrosion studies. For SCC testing using the SSR technique, sodium iodide 
was also added to the acidic solution to enhance the cracking susceptibility. The addition 
o f sodium iodide is known to accelerate the cracking process in an acidic solution 
involving engineering materials.
The SSR testing with and without control potential was performed up to a maximum
temperature o f 90 C. However, autoclave testing involving coupons and C-ring/U-bend
specimens was performed at temperatures o f 150 and 200 C, respectively, for variable 
exposure periods. The pH of the test solution used in both SSR and autoclave testing was 
maintained at 1. For tensile properties evaluation at elevated temperatures a ceramic 
chamber with a continuous flow of nitrogen was used to prevent oxidation and 
contamination of the specimen surface resulting form moisture present before testing. 
The flow o f nitrogen during the entire testing duration resulted in the removal o f oxygen 
during straining.
15
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CHAPTER 3
EXPERIMENTAL PROCEDURES 
A major requirement for the structural materials to be suitable for heat exchanger 
applications in the presence of an acidic solution at elevated temperatures, such as used in 
the S-I cycle, is the combination of superior high temperature tensile properties and 
excellent corrosion resistance. In view o f these rationales, Waspaloy has been tested for 
evaluations o f both the tensile properties at elevated temperatures, and corrosion 
properties using different state-of-the-art experimental techniques. Further, the 
metallographic macrostructures and failure morphology have been determined by 
relevant microscopic techniques. A major emphasis has also been placed on the 
characterization of tensile specimens by TEM to develop a basic understanding on the 
DSA behavior, which may be related to the testing temperature. The individual 
experimental procedures are described below.
3.1. Tensile Testing
The tensile properties including the ultimate tensile strength (UTS), yield strength 
(YS) and ductility parameters such as percentage elongation (%E1) and percentage 
reduction in area (% RA) were evaluated at temperatures ranging from ambient to 1000°C 
in an MTS unit and an Instron equipment. The smooth cylindrical specimens were 
strained in tension at the rate o f 10'^ sec'' according to the ASTM designation E 8  [15].
16
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The experimental data including the load, time and extensometer readings were recorded 
in a data file at the rate of 100 data points per second. The engineering stress versus 
engineering strain (s-e) diagrams were developed using these data. The magnitude of YS 
was determined by the point of intersection o f a line drawn parallel to the linear portion 
o f this curve at a strain offset value o f 0.2% of strain. The magnitude o f UTS was also 
determined from the s-e diagrams. However, the ductility in terms of %E1 and %RA was 
determined using the specimen dimensions before and after testing. An average value 
based on three tests used for each parameter to express the tensile results. The 
experimental setups used in tensile testing by the MTS and Instron equipment are shown 
in Figures 3.1 and 3.2, respectively.
k
i■
Figure 3.1. MTS set-up for tensile testing
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.
Figure 3.2. Instron equipment (Model No. 8862)
3.2 Transmission Electron Microscopy (TEM)
The plastic deformation under tensile loading is usually accompanied by the 
development o f lattice imperfections such as dislocations and voids. The movement of 
these defects within the metal lattice can be significantly influenced by the temperature of 
deformation. Since the concept o f DSA is commonly associated with the diffusion of 
solute elem ents, such as carbon and nitrogen, in the vicinity o f  the grain boundaries, the 
dislocation mobility can be impaired by this diffusion process. Unless an increased 
driving force by virtue o f either higher temperatures or faster strain rates is provided, the 
dislocations may not be able to move past the grain boundaries, thus, showing reduced
18
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failure strain. In order to demonstrate the role o f dislocations during DSA of structural 
materials, TEM was used to characterize the dislocations and determine their densities 
from the resultant micrographs.
The samples for TEM analysis were cut from the broken cylindrical specimens tested 
in tension at different temperatures. The thickness of these cut specimens was 
approximately 300-400 //m . Subsequently, they were ground into thin foils of 150- 
200 // m thickness followed by punching in a mechanical press to discs of 3mm diameter. 
These thin discs were then electrolytically polished in a twin-jet polishing apparatus 
using a solution consisting of a 5 volume percent o f perchloric acid in methanol at 50 
Volts and at a temperature of -10 °C. A TECNAl model 20 transmission electron 
microscope, shown in Figure 3.3, was used to generate micrographs o f these thin foils.
The dislocation density in each specimen was measured by using a line intersection 
method through superimposition of a grid of horizontal and vertical test lines on the 
resultant micrographs that contains dislocations o f different densities. A classical 
example to measure the dislocation density from a TEM micrograph is illustrated in 
Figure 3.4 [16, 17 and 18].The number o f intersections of vertical and horizontal test 
lines with the dislocations presented on TEM were counted. In addition, the total length 
o f horizontal and vertical test lines o f the superimposed grids was measured. The 
dislocation density (p) was measured using the following equation.
Z " .  , E " / . Equation (3.7)
■h
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where,
Zriv = No. o f intersections o f vertical test lines with dislocations 
Znii = No. o f intersections o f horizontal test lines with dislocations 
ZLh = Total length of horizontal test lines, meter (m)
SLv = Total length of vertical test lines (m)
L
Figure 3.3. T E C N A l M odel 20 Transm ission E lectron M icroscope
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Figure 3.4. Line Intersection Method for Calculation of Dislocation Density [19]
The dislocation density was measured by superimposing these grids at 10 different 
locations of the TEM micrographs, and calculating the average density based on these 10 
measurements. The average thickness, o f the specimen was measured using electron- 
energy-loss-spectroscopy (EELS) technique available in the TEM. This method involves 
measuring the local thickness at different locations of the specimen, and calculating the 
average thickness using the following equation [2 0 ],
/ = Aln(/y / )  Equation 3.8
t = Average thickness of the sample 
It = Total intensity reaching the spectrometer 
lo = Zero-loss intensity reaching the spectrometer 
A = Mean free path
21
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3.3. Slow-Strain-Rate SCC Testing
s e e  testing using the slow-strain-rate (SSR) method was performed by use of 
specially-designed system known as a constant-extension-rate-testing (CERT) machine, 
as shown in Figure 3.5. The CERT machine enabled testing of Waspaloy to simulate a 
broad range of load, temperature, strain-rate and environmental conditions. These 
machines, designed and manufactured by the Cortest Inc., offered accuracy and flexibility 
in testing the effect o f strain rate providing up to 7,500 lbs o f load capacity with linear 
extension rates ranging from 10'^ to 10'^ in/sec. To ensure the maximum accuracy of the 
test results, this apparatus was comprised o f a heavy duty load-frame that minimized the 
system compliance while maintaining precise axial alignment of the load train. An all­
gear drive system provided consistent extension rate.
W - "I'vp A ctwatv:r 
e  nnvironnxcn ia) C ham ber
Figure 3.5. CERT Machine for SEC Testing
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The SSR test setup used in this investigation consisted o f a top-loaded actuator, 
testing chamber, linear variable differential transducer (LVDT) and a load cell, as shown 
in Figure 3.6. The top-loaded actuator was intended to pull the specimen at a specified 
strain rate so that the spilled test solution, if  any, would not damage the actuator. A 
heating coil was connected to the bottom cover of the environmental chamber for 
elevated-temperature testing. A thermocouple was connected through the top cover of 
this chamber to monitor the testing temperature. The load cell was intended to measure 
load through an interface with the front panel. The LVDT was used to record the 
displacement o f the gage section during testing.
Locd
H o c i t i n g  c o i )
/S te p p e r  n io to r  DCAver dri'.re
y u v " . _ ' T
jL  Front porisl
iiifcïrtnoout-iife r ; e r  i n t e r f o c ©
"Testing ch-nrnbei 
'^wectrnen
Figure 3.6. SSR Test Setup
The SCC phenomenon of engineering materials is a consequence of two major factors 
including the applied or residual stress and a potent environment. If the stress is applied 
to the specimen at a very fast rate while it is exposed to the aqueous environment, the 
resultant failure may not be different from the typical mechanical deformation produced 
without an environment. Conversely, if the strain rate is too slow, the resultant failure 
may simply be attributed to the corrosion damage due to the breakdown of the protective
23
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surface film due to the prolonged interaction o f the test material with a susceptible 
environment.
A strain rate of 3.3x10’'’ sec'' was used to evaluate the combined effect o f the applied 
load and the environment during the SCC testing. The selection of this optimum strain 
rate was based on the results of SSR testing obtained at the Lawrence Livermore National 
Laboratory (LLNL) [21 and 22]. The cylindrical specimen was continuously strained in 
tension until fracture according to the ASTM Designation G 129 [23], in contrast to more 
conventional SCC testing conducted under a sustained loading condition. The application 
o f a slow dynamic strain during this test caused failure in the specimen that probably 
might not occur under a constant load or might have taken a prohibitively longer duration 
to cause failure [24].
The data from SSR testing was used to plot stress versus strain curves. Dimensions 
(length and diameter) of the test specimens were measured before and after testing. The 
cracking tendency of the test specimen was expressed by the time-to-failure (TTF), and a 
number of ductility parameters such as %L1 and %RA. Further, the true failure stress (cr,) 
determined from the stress-strain diagram and the final specimen dimensions were taken 
into consideration to characterize the cracking tendency. The magnitudes of %L1, %RA 
and Gf were calculated based on duplicate testing using the following equations:
% El
% R A  =
L 
W . .  -
X100 (Lquation3.1)
X 100 (Equation 3.2)
(Equation 3.3)
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A.. =
n  X D„
(Equation 3.4)
^ /  =
n  y . D ,
(Equation 3.5)
where,
Ao = Initial cross sectional area
A|-= Cross sectional area at failure
Pf= Failure load
Of = True Failure Stress
Lo= Initial length
Lf= Final length
Do= Initial diameter
Df= Final diameter
3.4. Cyclic Potentiodynamic Polarization Testing
The structural materials used in numerous engineering applications may become 
susceptible to an insidious form of degradation, which is characterized by localized attack 
on their surfaces due to electrochemical reactions between them and the surrounding 
environment. Pitting and crevice corrosion are the classical examples o f this type of 
attack. Since Waspaloy will be subjected to hostile environments during hydrogen 
generation, the susceptibility of this alloy to localized attack was determined in a 
simulated acidic solution at ambient temperature, 60 and 90“C using an electrochemical 
technique.
25
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The susceptibility o f Waspaloy to pitting and crevice corrosion was determined by 
using cyclic potentiodynamic polarization (CPP) technique in a simulated aqueous 
environment using a Model PCI4 GAMRY potentiostat. The CPP testing was based on a 
three-electrode polarization concept, in which the working electrode (specimen) acted as 
an anode and two graphite rods acted as cathodes (Figure 3.7). Ag/AgCl solution, 
contained in a luggin probe, acted as a reference electrode. The luggin probe contained an 
identical test solution to maintain continuity of electrochemical conductivity. The tip of 
the Luggin probe was placed within 2 to 3 mm from the polarization specimen.
X*
I
Figure 3.7. Electrochemical Testing Setup
3.5. SCC Testing under Potentiostatic Control
Electrochemistry can play an important role in characterizing the cracking 
susceptibility of materials while loaded in tension in the presence o f a potent 
environment. This type of environment-assisted cracking is known to be influenced by
26
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the nature and the magnitude of the applied electrochemical potential to the test specimen 
during straining at a certain rate.
The nickel-base Waspaloy develops austenitic microstructure due to the presence of 
high nickel content. The austenitic materials are known to prevent hydrogen-induced 
damage even though they can experience degradations due to the breakdown of surface 
films by anodic dissolution. In view of this rationale, SCC testing under potentiostatic 
control was performed at potentials more noble (+100, +200, +300 and +400 mV, 
Ag/AgCl) with respect to the critical pitting potential (Epit) determined by the CPP 
technique in an acidic solution containing Nal. The controlled potential (Econt) testing was 
performed under the SSR condition. The embrittlement of engineering metals and alloys 
in a susceptible environment through application o f anodic controlled potential may be 
the result o f two separate events. First, the protective oxide films may undergo localized 
breakdown due to the application of potential noble to the Epu value. Subsequently, 
cracks may be initiated in this localized region, which will eventually undergo 
propagation under the influence o f applied tensile stress at a specified strain rate [25].
For SCC testing under Econi, a modified smooth cylindrical specimen was used while 
maintaining an 1/d ratio of 4, as discussed in the previous section. In order to apply the 
external potential from a calibrated potentiostat, the top shoulder o f the cylindrical 
specimen was spot-welded with a conductive metallic wire to allow flow of electrons to 
the central portion of the gage section during straining under the SSR condition. Further, 
this conductive wire was coated with a lacquer to prevent its direct contact with the test 
solution during straining. The selected Econt value was then applied to the test specimen 
for the entire straining period until the sample failed. The cracking susceptibility under
27
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anodic Econt was expressed in terms of the ductility parameters (%E1 and %RA), TTF and 
Of The configuration o f the spot- welded specimen and the experimental setup used in 
Econt testing are illustrated in Figures 3.8 and 3.9, respectively.
Figure 3.8. Spot-Welded Cylindrical Specimen
Gr̂ hite 
Ele ctrode
Reference
ElectrodeLVDT
Luggin Probe
Specimen
T estC ell
Figure 3.9. SCC Test Setup under Controlled Potential
3.6. Corrosion Testing in Autoclave
As indicated in an earlier section, the susceptibility of Waspaloy to SCC could be 
performed under SSR condition up to a maximum temperature o f 90“C. Therefore, SCC
28
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testing using self-loaded C-ring and U-bend specimens were tested in an autoclave 
(Figure 3.10) containing an acidic solution at 150°C for 28 days. The loading of C-ring 
and U-bend specimens was done according to ASTM designations G 30 and G 38, 
respectively [26 and 27]. The C-ring specimens were loaded using the following equation 
at an applied stress corresponding to 98% of the room temperature YS value of 
Waspaloy.
4Æ/Z
ODf = OD-A
where,
OD = outside diameter o f C-ring before stressing 
ODf= outside diameter o f stressed C-ring 
f  = desired stress, psi (98%of YS value)
A = change of OD giving desired stress.
D = mean diameter (OD-t) 
t = wall thickness 
E = Modulus of elasticity 
Z = a correction factor for curved beams
Simultaneously, efforts were made to determine the corrosion rate of Waspaloy based 
on weight loss of coupons exposed to an identical acidic solution at 150°C and 250 "C for 
variable time periods. Duplicate coupons were tested under identical conditions. The 
weights of the coupons before and after testing were measured, and weight loss was 
calculated in terms of mills per year (mpy) using the equation given below. The tested
29
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coupons and the self-loaded specimens were subsequently examined visually and with 
the help o f a magnifying glass.
5 3 W
m p y Equation (3.6)
Where, W = weight loss in mg
D = density in gm/cm^ (for Waspaloy, D= 8.18) 
A= area in sq.in 
T = time of immersion in hours
Figure 3.10. Autoclave Test Setup
3.7. Metallography by Optical Microscope
The metallographic study using an optical microscope enables the characterization of 
phases present, their distributions within grains and their sizes that can depend on the 
chemical composition and thermal treatment performed on a material of interest. 
Characterization of metallurgical microstructures o f the test specimens before and after
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testing by optical microscopy is o f paramount importance. The principle o f an optical 
microscope is based on the impingement o f a light source perpendicular to the test 
specimen. The contrast observed under the microscope results from either an inherent 
difference in intensity or wavelength o f the light absorption characteristics o f the phases 
present. It may also be induced by preferential staining or attack of the surface by etching 
with a chemical reagent.
For microstructure analysis, the test specimens were sectioned and mounted 
according to the conventional metallographic technique, followed by their polishing and 
etching. In order to reveal the proper microstructure o f the heat treated Waspaloy, an 
etchant consisting of hydrochloric acid (FlCl), nitric acid (HNO3 ) and acetic acid 
(CH3COOH) in the ratio of 3:2:2 was used. The polished and etched specimens were then 
rinsed in deionized water, and dried with acetone and alcohol prior to their evaluation by 
a Leica optical microscope, having a maximum resolution of lOOOX. The optical 
microscope used in this investigation is shown in Figure 3.11.
I
' *
i
Figure 3.11. Leica Optical Microscope
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3.8. Fractographic Evaluation by SEM
The extent and morphology of failure of the tested cylindrical specimens were 
determined by scanning electron microscopy (SEM). The analysis o f failure of metals 
and alloys involves the identification of the type of failure. The test specimens were 
sectioned into 1/2 to 3/4 of an inch in length to accommodate them in the vacuum 
chamber o f the SEM. Usually, failure can occur by one or more o f several mechanisms, 
including surface damage, such as corrosion or wear, elastic or plastic deformation and 
fracture. Failures can be classified into either ductile or brittle. Dimpled microstructure is 
a characteristic of ductile failure. Brittle failure can be of two types, intergranular and 
transgranular. An intergranular brittle failure is characterized by crack propagation along 
the grain boundaries while a transgranular failure is characterized by crack propagation 
across the grains.
For microscopic evaluation using SEM, electrons from a metal filament are collected 
and focused on to the specimen surface, just like light waves, into a narrow beam. The 
beam scans across the subject, synchronized with a spot on a computer screen. Electrons 
scattered from the subject are detected and create a current, the strength o f which makes 
the spot on the computer brighter or darker. This creates a photograph-like image with an 
exceptional depth o f field. Magnifications of several thousand times are possible using 
SEM that can provide black and white micrographs. A JEOL-5600 scanning electron 
microscope having magnifications of up to 100,000 times, shown in Figure 3.12, was 
used in this investigation. This SEM was capable of accommodating a maximum of 4 
specimens having a diameter o f 1 cm.
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Figure 3.12. Scanning Electron Microscope
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CHAPTER 4 
RESULTS
This chapter presents the results o f both tensile and corrosion testing involving 
Waspaloy. The tensile data have been presented as a function of the testing temperature. 
Further, the development of a deformation mechanism of Waspaloy at different 
temperatures has been attempted by using TEM. As to the corrosion properties 
evaluation, the results o f both SCC and localized corrosion studies have been presented. 
The role o f anodic applied potential on the cracking susceptibility o f Waspaloy has also 
been explored. Finally, the results o f metallographic and fractographic evaluations of the 
tested specimens have been presented in this chapter.
4.1 Micrographie Evaluation
The metallurgical microstructure o f the as-received Waspaloy was determined in an 
etched condition using as optical microscope, as indicated earlier. The etchant consisted 
of a mixture of HCl, HNO3 and CH3COOH added at a ratio o f 3:2:2, respectively. The 
optical micrograph, shown in Figure 4.1, revealed the presence o f large austenitic grains 
and annealing tw ins, as expected for a N i-base alloy such as W aspaloy.
34
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Figure 4.1. Metallurgical Microstructure o f As-Received Waspaloy at lOOX
4.2 Tensile Properties Evaluation
The results of tensile testing using smooth cylindrical specimens of Waspaloy at 
temperatures ranging from ambient to 1000°C is shown in Figure 4.2 in the form o f an 
engineering stress versus engineering strain (s-e) diagram, superimposed as a function of 
different temperatures. The s-e diagrams, shown in this figure, clearly exhibit the YS, 
UTS and failure stress. As expected, all three parameters were gradually reduced with 
increasing temperature up to 800°C. However, no differentiation could be made between 
the YS and UTS at temperatures o f 900 and 1000°C. The magnitude o f ductility 
parameters such as %E1 and %RA were determined from the dimensions o f the 
specimens before and after testing. The variations of all four parameters (YS, UTS, %E1 
and %RA) with temperature are shown in Table 4.1.
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Figure 4.1. Stress- Stain Diagram as a Function of Temperature
Table 4.1. Comparisons of Tensile Properties at Different Temperatures
Temperature(°C) YS, ksi/MPa UTS, ksi/MPa %EI %RA
RT 99.2/683.9 177.8/1225.8 50.6 45.0
1 0 0 95.3/657.0 165.0/1137.6 48.1 47.0
200 92.9/640.5 162.9/1123.1 47.9 48.1
300 89.2/615.0 161.1/1110.7 44.1 48.7
400 87.0/599.8 150.1/1034.9 47.3 49.8
450 86.9/599.1 149.4/1030.0 47.9 50.0
600 86.3/595.0 146.0/1006.6 41.9 50.9
700 85.0/586.0 115.0/792.8 17.4 31.0
800 82.7/570.1 93.0/641.1 7.1 15.3
900 68.0/468.8 69.0/475.7 24.0 38.0
1 0 0 0 18.2/125.48 19.0/131 41.0 43.2
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Efforts were also made to show the variations of YS, UTS, %E1 and %RA with 
temperature in a graphical format. Figures 4.3 through 4.6 illustrate the variation o f these 
parameters with temperature. It is obvious that both YS and UTS showed a gradual drop 
with increasing temperature, as indicated earlier. As to the ductility in terms of %E1, there 
was a gradual drop in the temperature regime o f ambient to 300°C, followed by a slight 
enhancement at temperatures up to 450°C. However, some inconsistent patterns were 
noted in the temperature regime of 600 through 1000°C. It is interesting to note that 
magnitude o f %E1 was gradually reduced up to 800°C, followed by a gradual 
enhancement beyond this temperature. With respect to %RA, its magnitude was 
gradually increased up to 600°C, above which a discontinuous pattern, similar to that of 
%E1, was noted, as shown in Figure 4.6.
1 2 0  -I
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Figure 4.2. Variation of YS with Temperature
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Figure 4.3. Variation o f UTS with Temperature
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Figure 4.4. Variation o f %E1 with an increase in temperature
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Figure 4.5. Variation o f %RA with Temperature
The reduced strain, seen in the temperature regime of ambient to 300°C, was thought 
to be the result of the combined effect o f work hardening at relatively lower temperature 
and reduced dislocation mobility due to the precipitation of solute elements in the vicinity 
o f the grain boundaries. Such phenomenon o f reduction in failure strain in a critical 
temperature range, as seen in this investigation, has often been cited to be associated with 
DSA behavior o f susceptible materials. In order to develop a basic understanding of 
DSA, TEM was used to characterize the dislocations in specimens tested in tension at 
200, 300 and 400°C. The results o f TEM study are presented next.
4.3. DSA Evaluation by TEM
The TEM micrographs of the broken cylindrical specimens tested at 200, 300 and 
400°C are illustrated in Figure 4.7, showing clusters of dislocations at all temperatures. It 
is interesting to note that relatively less dense dislocations were observed at 400°C, in
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comparison to that at 300°C. It is well known that the strengthening of Ni-base austenitic 
alloys may be the result of the formation of ordered precipitation o f / '  phases, which 
may become disordered at elevated temperatures, thus, showing relatively reduced 
dislocation density and enhanced plastic flow, as seen in this investigation. The 
dislocation densities, calculated on the TEM micrographs by the grid method, are given 
in Tahle 4.2. These results suggest that a maximum dislocation density (p) was 
determined at 300°C. The magnitude of p at 400°C was somewhat higher that that at 
200°C possibly due to the explanation given above.
(a) 200°C (b)300°C
(c) 400°C
Figure 4.6. TEM Micrographs o f Tensile Specimens Tested at Different Temperatures
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Table 4.2. Dislocation Density at Different Temperatures
Test temperature (°C) Dislocation Density, p (N o .W )
200 5.70x10'*
300 SJOxlO^
400 (x20xl0'*
The variation of p with temperature in the temperature regime o f 200 to 400°C is 
illustrated in Figure 4.8. As indicated earlier, a maximum reduction in ductility in terms 
o f both %E1 and %RA was noted at 800°C. There is an indication in the literature [29], 
that for Ni-base alloys containing Cr, Mo and Co, there is a possibility o f the formation of 
a brittle sigma (cr ) phase, which is a tetragonal intermetallic phase having a wide range 
of composition. The formation of cr phase can cause a significant drop in ductility, as 
seen with Waspaloy when tested in the temperature regime of 600-1000°C. Even though 
no attempt has been made in this investigation to characterize this brittle phase. X-ray 
diffraction technique may enable the identification of this phase and their morphology.
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Figure 4.7. p vs. Temperature
4.4. SSR Test Results
The results of SCC testing under a SSR condition are illustrated in Figure 4.9 in the 
form of a s-e diagram as a function o f the testing temperature and environment. 
Cylindrical specimens with modified dimensions were used in SSR testing, as indicated 
earlier. An aqueous solution containing H2 SO4 and Nal, having a pH of approximately 1, 
was used in these SCC testing. These results indicate that at ambient temperature, the 
magnitude o f Of was almost identical in air and in the presence of the test solution. 
However, both Of and failure strain were reduced in the 90°C acidic solution showing a 
detrim ental effect o f  the higher testing tem perature.
The magnitudes of TTF, %E1, %RA and determined from these s-e diagram and 
specimen dimensions before and after testing are given in Table 4.3. An evaluation of 
these data indicates that slight variation in the ductility in terms of %E1 and % RA were
42
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seen at 90°C. While, an insignificant variation in TTF was observed, the o,- was reduced 
by an appreciable amount at 90°C in the presence of an acidic solution. Thus, temperature 
may play an important role on the cracking susceptibility o f Waspaloy at a higher 
temperature.
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Figure 4.8. Comparison of s-e Diagrams Air vs. Temperature
Table 4.3. SSR test results
Condition Ofksi/MPa %E1 %RA TTF(hrs)
Air 169.9/1171.4 502 Ï 1 9 2 T6
RT-Soln 155.4/1071.4 50.0 5T4 2 1 . 1
90°C -Soln 152XV105Z1 4&5 5T0 2 0 2
Soln: H2SO4 + Nal + H2O, pH « 1
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4.5. Results from CPP Tests
The results of localized corrosion study using the cyclic potentiodynamic polarization 
(CPP) method in an identical environment at 30, 60 and 90°C are shown in Figures 4.10, 
4.11 and 4.12, respectively. These results indicate that Waspaloy did not exhibit any 
positive hysteresis loop even though an active to passive behavior was noted at all three 
temperatures. Further, during the reverse potential scan, the polarization diagram traced 
back indicating the formation o f protective oxide films due to the reaction o f oxygen 
generated at high current density with alloying elements, thus, reducing the general 
dissolution rate. A similar type o f CPP diagram has been reported [28] for active to 
passive metals in the presence o f aggressive chemical species. Since, the CPP diagram 
did not exhibit a positive hysteresis loop during the reverse potential scan, the protection 
potential (Eprot) could not be detected.
Figure 4.9. CPP Diagram in Room Temperature Acidic Solution
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Figure 4.10. CPP Diagram in 60°C Acidic Solution
Figure 4.11. CPP Diagram in 90°C Acidic Solution
The average values of corrosion potential (Ecorr) and the critical pitting potential (Epi,) 
obtained from the CPP testing are shown in Table 4.4.These data indicate that both 
parameters became more active (negative) with an increase in temperature from ambient
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to 90 °C. The variations of Ecorr and Epjt with temperature in the tested solution are shown 
in Figure 4.13. The visual examination of the polarized specimens did not exhibit any 
signs of pitting or crevice corrosion on their surfaces.
Table 4.4. Ecorr and Epi, Values from CPP Testing
Temperature (°C) E c o r r ,  mV (Ag/AgCl) E p i t .  mV (Ag/AgCl)
30 2&5 650
60 275 580
90 246 510
Tem perature ( C)
Figure 4.12. Ecorr vs. Temperature
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300
30 60
Temperature (°C)
90
Figure 4.13. Epj,vs. Temperature
4.6. SSR Test Results under Econi
The cracking tendency of structural materials in susceptible environments is known to 
be influenced by external currents and potentials. It is also known that the presence o f Ni 
can inhibit the diffusion o f hydrogen due to the presence of stable austenitic phase. In 
view o f this rationale, the cracking susceptibility o f Ni-base Waspaloy to SCC was 
determined only under the influence of anodic controlled potential ( E c o n t ) ,  which could 
cause localized breakdown of surface films and, thus, enhance the cracking tendency of 
this alloy. Noble (positive) potentials of +100, +200, +300 and +400 mV (Ag/AgCl), 
respectively with respect to the room temperature Epj, value were applied during straining 
of the cylindrical specimens under a SSR condition. The Econt values corresponding to 
these potentials were +750, +850, +950 and +1050 mV (Ag/AgCl), respectively.
The results of SSR testing under anodic Econt are illustrated in Figure 4.15, once again 
showing the s-e diagrams superimposed as a function of the applied potential at room
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temperature. A comparison o f these diagrams indicates reduced failure strain with more 
noble Econt values. The TTF, the extent o f ductility and Of, with and without anodic Econt, 
are shown in Table 4.5. These data indicate that all four parameters were reduced with 
increasing Econt values, suggesting a detrimental effect of anodic Econt on the cracking 
susceptibility o f Waspaloy when tested in an identical acidic solution.
140 1050
850
750
120
950
100
RT
 RT-No Econt
 750 mV
 850 mV
 950 mV
 1050 mV
40
0 0.1 0.2 0.60.3 0.4 0.5
strain
Figure 4.14. SSR Test results Under Anodic Ec,cont
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Table 4.5. Results of SSR Testing with and without Anodic E,cont
Econt, niV 
(Ag/ApCI)
True Failure Stress, 
Of (ksi)/MPa %E1 %RA TTF(hrs)
None 155/1071 50A 53A 2 1 .1
+750 153/1052 4 8 2 53.0 2E2
+850 154./1061 4&6 50.7 2 0 3
+950 150/1036 463 483 182
+1050 149/1024 453 45.9 183
4.7. Results o f Autoclave Testing
Duplicate coupons of Waspaloy were exposed in a 150°C acidic solution contained 
inside an autoclave for a variable duration ranging from 7 to 28 days. These coupons 
were weighed before and after testing for each exposure period. The variation o f weight 
loss with time is illustrated in Figure 4.16. It is interesting to note that a significant 
difference in weight-loss was noted between two coupons after 28 days compared to 
those at 7 and 14 days. The corrosion rate, in terms of mpy, determined from these 
weight losses are given in Table 4.6. The variation of average corrosion rate with time is 
also shown in this table. The gradual reduction in corrosion rate with time could be the 
result o f stable and adherent film formation on the surface of the tested coupons after 
prolonged exposure.
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O)
w 250 
O
^ 200
300 400 500
Time (hrs)
600
-Specimen 1 
Specimen 2
Figure 4.15. Weight-Losses as a Function o f the Exposure Time
Table 4.6. Results of Autoclave Testing in 150°C Acidic Solution
TTest
Duration
(hrs.)
Specimen 1 Specimen 2
Avg.
Corrosion
Rate
Weight Loss 
(mg)
Corrosion 
Rate (mpy)
Weight 
Loss (mg)
Corrosion 
Rate (mpy) (mpy)
168 172.2 29J6 180.4 3&74 29.9
336 2&T9 22.43 276.6 23.57 2T0
672 385JB 1&33 299J 12.74 14.5
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The appearances of U-hend and C-ring specimens after 28 days o f exposure in an 
identical acidic solution inside the autoclave at 150°C are illustrated in Figure 4.17. A 
visual examination of these specimens hy a magnifying glass did not exhibit any cracking 
along either the convex or concave surface o f these specimens. However, both types of 
self-loaded specimens showed general dissolution and roughening of their surfaces due to 
their exposure in the tested solution at 150°C. It is not known if  these specimens would 
undergo cracking following a longer exposure period in a similar solution at higher 
temperatures. No comments can be made at this time on the role o f higher testing 
temperature on the cracking susceptibility of C-ring and U-bend specimens since testing 
could not be accommodated at higher temperatures due to the leakage of the autoclave.
(a)
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(b)
Figure 4.16. (a).U-bend, (b).C-ring Specimens after 28 Days
4.8. Fractographic Evaluations
The SEM micrographs o f the cylindrical specimens tested in tension at ambient 
temperature, 400, 600 and 800°C are illustrated in Figure 4.18. An examination o f these 
micrographs revealed the presence o f dimpled microstructures at temperatures up to 
600°C indicating ductile failure. However, at 800°C intergranular brittle failure was 
observed, as shown in Figure 4.18(d). The elemental analysis of this broken specimen in 
the vicinity o f these intergranular cracks by energy dispersive spectrometry (EDS) 
revealed the presence o f boron (B) as shown in Figure 4.19. The precipitation of B can 
occur from exposure in a eritical temperature regime. This precipitation process may be 
the result of a metallurgical phenomenon known as temper embrittlement that arises due 
to slow heating or cooling o f metals in a critical temperature regime. Further, the 
formation of a brittle cr phase such may also account for such cracking, showing a 
significant drop in ductility including %E1 and %RA.
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(a) Ambient temperature, 1OOX
I
■’ f
» .
(b) 400°C ,100X
0̂  60ô :,ioo)[
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#1
(d) 800°C ,100X
Figure 4.17. SEM Micrographs of Broken Specimens (Tensile Testing)
Full scale = 23 cps Cursor: 11 5675 keV
Figure 4.18. EDS Results for the Specimen Tested at 800°C
The SEM micrographs of the tensile specimens used in the SSR testing without and 
with Econt are illustrated in Figures 4.20 and 4.21, respectively. All micrographs revealed 
typical ductile failures without the formation o f any cracking. Thus, it can be concluded 
that Waspaloy may not undergo any brittle failure in the presence of an acidic solution at 
temperatures up to 90°C, irrespeetive of the applied anodic potential.
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r "  \   —
T* ' :
(c) 90“C, lOOX
Figure 4.19. SEM Micrographs, SSR Specimens (No Econt)
(a) 750 mV, lOOX
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(b) 1050 mV,l OOX
Figure 4.20. SEM Micrographs of SSR Specimens (Econt)
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CHAPTER 5 
DISCUSSIONS
This investigation was focused on both the metallurgical characterization and 
corrosion study of Waspaloy for prospective application as a structural material in 
nuclear hydrogen generation using the S-1 cycle. Waspaloy was specifically identified as 
a candidate material for use in the H2SO4 decomposition process o f this cycle. Significant 
efforts have been made in this study to determine the tensile properties o f this alloy at 
temperatures up to 1000°C, which is currently the maximum temperature proposed for 
efficient decomposition of H2SO4. In addition, limited study involving TEM has been 
performed to develop a basic understanding of deformation in a critical temperature 
regime ranging from 200 to 400°C.
Simultaneously, the cracking susceptibility of Waspaloy has been evaluated in an 
aqueous solution containing H2 SO4 and Nal at temperatures up to 90°C under different 
loading conditions. The localized corrosion behavior of this alloy has been studied by a 
electrochemical method. The role o f anodic potential on the cracking susceptibility of this 
alloy under tensile loading in a susceptible environment has also been investigated. 
Finally, the extent and morphology of failure in specimens used in tensile and SCC 
testing have been determined by SEM. A discussion on the key test results is presented 
next.
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The tensile data indicate that Waspaloy was capable of maintaining high strength (YS 
and UTS) up to a temperature o f 600°C. Between 700 and 800°C there was a significant 
drop in UTS. Beyond 800°C, no differentiation could be made between YS and UTS. The 
overall data suggest that the structural stability o f Waspaloy in terms of strength can be 
maintained up to a maximum temperature o f 600°C. Such unusually high tensile strength 
even at these elevated temperatures could be the result of hardening arising from the 
precipitation of ordered phase. Further, an interesting observation was made in the s-e 
diagrams in that the failure strain was gradually reduced in the temperature regime of 
ambient to 300°C, followed by its enhancement up to 450°C. Subsequently, a drop in 
ductility in terms of %E1 and %RA was also noted between 600 and 800°C, above which 
the ductility was enhanced rapidly up to 1000°C.
The TEM analysis of the specimens tested between 200 and 400°C revealed a 
maximum dislocation density at 300°C possibly due to the work hardening o f Waspaloy 
that could be associated with the reduction in dislocation mobility in the vicinity o f the 
grain boundaries, thus, causing reduced ductility in terms of failure strain. Above 300°C, 
the clusters of dislocations, as shown in the TEM micrographs, had a greater mobility due 
to the higher temperature induced activation resulting form higher deformation 
temperature, thus, enhancing the failure strain. This phenomenon o f reduced strain in a 
critical temperature range can be related to the DSA behavior o f susceptible metallic 
materials such as Waspaloy.
The rapid drop of ductility observed in between 600 to 800°C has been cited in the 
literature [29] to be the result o f the formation of the brittle sigma phase in alloys 
containing a large concentration of Ni, Co, Cr and Mo. It is possible that the sigma phase
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may undergo dissolution at temperatures above 800°C, thus, giving rise to the formation 
of more ductile phases that could enhance the ductility in terms of %E1 and %RA, as 
observed in this investigation.
As to the corrosion behavior o f Waspaloy, the presence of an acidic solution in SSR 
test did not exhibit any detrimental effect at room temperature. However, at 90°C the 
cracking tendency was enhanced in the acidic solution, indicating a damaging effect of 
higher temperature on the cracking susceptibility. The polarized specimens in an identical 
testing environment did not exhibit any localized attack even though an active-passive 
transition was noted at all three tested temperatures in the CPP diagrams. Consistent with 
the observations made by other investigators [30], the magnitude o f Ecorr and Epjt became 
more active with increasing temperature, once again demonstrating the detrimental effect 
o f higher temperatures. The application o f anodic Econt during straining o f the specimens 
in an identical environment showed a gradual decline in TTF, cr  ̂and ductility
parameters. A similar trend has also been reported by other investigators [31].
With respect to the immersion testing of Waspaloy inside an autoclave in a 150°C 
acidie solution, the corrosion rate was gradually reduced with increasing exposure period 
due to the formation o f stable protective film on the surface of the coupons. Neither C- 
ring nor U-bend specimens showed any initiation of cracking on the curved surfaces even 
after an exposure in an identical environment for approximately one month. Some 
general dissolution was, however, seen on both types of specimens.
The broken tensile specimens, examined by SEM revealed dimpled microstructures at 
temperatures at temperatures up to 600°C indicating ductile failures. However, 
intergranular brittle failures were observed at 800°C possibly due to the precipitation of
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born. This type o f brittle failure is an indication o f temper embrittlement occurring due to 
slow heating within a susceptible temperature range. As to the fracture morphology o f the 
specimens under a SR condition, ductile failures, characterized by dimples were seen 
irrespective o f the Econt values.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
This investigation was aimed at evaluating the tensile properties of Waspaloy at 
elevated temperatures, corrosion susceptibility o f this alloy in simulated acidic solutions 
and fracture morphology, respectively, using numerous state-of-the-art experimental 
techniques. The conclusions based on the resultant test data are given below.
• The Waspaloy was capable of maintaining appreciable tensile strength (YS and 
UTS) up to a temperature of 600°C. Beyond 600°C, a significant drop in the UTS 
was observed. No differentiation, however, could be made between YS and UTS 
at temperatures beyond 800°C.
• The failure strain was gradually reduced within a temperature range between 
ambient and 300°C, possible due to the dynamic strain ageing behavior of 
Waspaloy. A maximum dislocation density was determined at 300°C based on the 
TEM micrographs.
• The drastic drop in ductility in terms of %E1 and %RA at temperatures ranging 
between 600 and 800°C may be the result of brittle sigma phase formation in 
Waspaloy.
• A detrimental effect of higher testing temperature on the cracking susceptibility of 
Waspaloy was demonstrated in the SSR testing. Slight reductions in TTF, 0 | and
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ductility parameters were observed under anodic Econt values.
Both Ecorr and Epu became more active with increasing temperature. A negative 
hysterisis loop was formed in the CPP diagrams during reverse potential scans. 
No localized attack was seen in the polarized specimens.
The general corrosion rate in 150°C acidic solution was gradually reduced with 
increasing exposure time. The self-loaded specimens did not exhibit cracking in 
an identical environment.
The optical micrograph revealed conventional large austenitic grains and 
annealing twins, typical o f a solution annealed austenitic material such as 
Waspaloy.
Fractographic evaluations by SEM revealed ductile failures in tensile specimens 
up to 600°C. Flowever, intergranular brittle failures were observed in specimens 
tested at 800°C. The specimens tested under SSR condition exhibited dimpled 
microstructures indicating ductile failures with and without the application of
^conl.
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CHAPTER 7
SUGGESTED FUTURE WORK
Additional work is warranted to successfully characterize Waspaloy for the 
applications as a heat exchanger material for hydrogen generation using the S-I cycle. 
The Future work is suggested below.
• Characterization of dislocation density at room temperature and temperatures 
ranging between 600 and 1000°C by TEM.
• Characterization o f y' and sigma phases by X-ray diffraction technique.
• Fracture toughness and crack growth evaluation using compact tension 
specimens.
• Impact toughness evaluation using charpy V-notch specimens at different 
temperatures.
• Crack growth studies in susceptible environments using double cantilever beam 
specimens.
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APPENDIX A
TENSILE TEST DATA
A l. Stress- strain curves at ambient temperature
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A2. Stress- strain curves at 100°C
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A3. Stress- strain curves at 200°C
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A4. Stress- strain curves at 300°C
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A5. Stress- strain curves at 400°C
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A6. Stress- strain curves at 450°C
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A l .  Stress- strain curves at 600°C
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A8. Stress- strain curves at 700°C
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A9. Stress- strain curves at 800°C
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A 10. Stress- strain curves at 900°C
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Al l .  Stress- strain curves at 1000°C
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APPENDIX B
SSR TEST RESULTS 
BE s-e Diagrams in Air using Modified Cylindrical Specimens
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B2.SSR Testing in Acidic Solution at Room Temperature
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B3.SSR Testing in Acidic Solution at 90°C
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Cl.CPP Diagrams at 30°C
APPENDIX C
CPP DATA
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C2.CPP Diagrams at 60°C
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C3.CPP Diagrams at 90°C
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APPENDIX D
SSR Results with Applied Ecom
Dl.Anodic Ecom in Acidic Solution at +750 mV
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D2.Anodic Econt in Acidic Solution at +850 mV
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D3.Anodic Ecom in Acidic Solution at +950 mV
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D4.Anodic Econt in Acidic Solution at +1050 mV
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E l. Sample 1
APPENDIX E
Autoclave Data
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APPENDIX F
UNCERTAINTY ANALYSES OF EXPERIMENTAL RESULTS
A more precise method of estimating uncertainty in experimental results has been 
presented by Kline and McClintock. The method is based on a careful specification of the 
uncertainties in the various primary experimental measurements. For example, the 
maximum load-cell reading of the slow-strain-rate (SSR) unit is 7500 lbs ± 0.3% lbs.
When the plus or minus notation is used to designate the uncertainty, the person 
making this designation is stating the degree of accuracy with which he or she believes 
the measurement has been made. It is notable that this specification is in itself uncertain 
because the experiment is naturally uncertain about the accuracy of these measurements 
[32].
If a very careful calibration o f an instrument has been performed recently, with 
standards of very high precision, then the experimentalist will be justified in assigning a 
much lower uncertainty to measurements than if they were performed with a gage or 
instrument of unknown calibration history.
Most o f the instruments in the Materials Performance Laboratory (MPL) were 
calibrated on a regular basis by B echtel N evada using standards w ith very high precision. 
Thus, it is expected that the resultant data presented in this dissertation would have very 
insignificant uncertainty. The uncertainties in the results o f this investigation are
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calculated by using the Kline and McClintock Method. The equation used for this method 
is given below.
\ 2
■w,
ÔR + • ( 1 )
Where, W r = the uncertainty in the results
R = the given function o f the independent variables X|, Xz, x,i)
R = R(X,,X], Xn)
W|, w'2 ,  Wn = the uncertainty in the independent variables
E l. Uncertainty Calculation in MTS Results
The results generated from the MTS testing are stress (o), percentage elongation 
(%E1), and percentage reduction in area (%RA). The stress is based on the load (P) and 
the initial cross-sectional area (Aj) of the tested specimen. The %E1 is based on the 
change in length (Al) during the testing and the %RA is based on the initial and final 
cross-sectional areas (Aj and Af). The magnitude o f P was obtained from the load-cell of 
the MTS unit. However, the values for Al, Aj, and Af were calculated based 
measurements by a caliper. The uncertainties in load-cell and caliper were ± 0.03% lbs 
and ± 0.001 in, respectively, obtained from the calibration. The uncertainty in the initial 
notched diameter was ± 0 .0 0 1 , which was provided by the manufacturer and the 
uncertainty in the final notched diameter was ± 0 . 0 0 1  obtained by using the caliper.
E l .l  Calculation of Uncertainty in Stress (uo)
1,0 = ii(P, Aj)
;,Aj= (uDj)^
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Uncertainty in load-cell 
Uncertainty in caliper
±0.03% lb
± 0 . 0 0 1  in
Sample calculation:
For yield stress (YS) 
Uncertainty in load (uP)
= 52 ksi 
= 2545*0.0003
= ±0.7635
Uncertainty in cross-sectional area (uAi) for the smooth specimen: 
Initial Diameter (Dj) = 0.25 in
Uncertainty in diameter (i,D) = ± 0.001 in
M )-
Area (Aj) = — —
= 0.049
dA- nD,
0.393
Uncertainty in area, „ A- =
dA
A
= 0.393*0.001
= ± 0.000393
Uncertainty in stress, „ a  -
a ?  "
±
0(7
a  = J L
A.
( 1 . 1 )
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ôa _ 1 
a ?  "  X.
= 20.41
acT _ f
a^, "
= - 1081632.65
Now providing all the numerical values in equation (1.1) obtained from the calculation, it 
is found that.
„ o- = [(20.41 * 0.7635)' + (-1081632.65 * 0.000393)'
= 425.36 psi 
= ± 0.42 ksi
One example of the use of the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this thesis.
El .2 Calculation of Uncertainty in Percentage Elongation (u%El) 
Sample calculation:
Change in length (Al) = 0.2105 in
Gage length (1) = 1 in
%E1= — -100 
I
Uncertainty in Al (uAl) = ± 0.001 
Uncertainty in %E1 (»%E1),
,%Æ/ =
dAl
Al ( 1.2 )
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d% El _ 100 
dAl I
=  100
Providing all the calculated values in equation 1.2, it is found that,
„%E/ = [ ( 1 0 0  * 0 .0 0 1 )']^ 
u%El = ±0.1
One example o f the use o f the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this thesis.
E2 Uncertainty Calculation in Constant-load (CL) Results 
E2.1 Uncertainty Calculation in Applied Stress (oa):
The uncertainty in applied stresses was calculated using equation 1.1.
E2.2 Uncertainty Calculation in Time-To-Failure (TTF);
The uncertainty in the automatic timer of the CL test setup is ± 0.50.
E3. Uncertainty Calculation in Slow-Strain-Rate (SSR) Testing 
E3.1 Uncertainty Calculation in True Failure Stress (uOf)
The uncertainty in the Of is based on the failure load (Pf) and the final cross-sectional 
area (Af) of the tested specimen. The uncertainty in the Of was calculated based on the Pf 
and Af using the equation 1.1.
E3.2 Uncertainty Calculation in Percentage Elongation (u%El)
The uncertainty in the %E1 was calculated using the equation 1.2.
E3.3 Calculation of Uncertainty in Percentage Reduction in Area (u%RA)
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Sample calculation:
For %RA = 81.2%
Uncertainty in initial cross-sectional area (uAj) for the smooth specimen: 
Initial Diameter (Dj) = 0.25 in 
Uncertainty in initial diameter,
(uDj) = ± 0 . 0 0 1  in
Area (Aj) =
=  0.049
dA, nD,
0.393
Uncertainty in initial cross-sectional area.
n A  =
J
= 0.393*0.001
= ± 0.000393
Uncertainty in final cross-sectional area (i,Af) for the smooth specimen: 
Final Diameter (Dr) = 0.1050in 
Uncertainty in final diameter (»Df),
= ± 0 . 0 0 1  in
Area (Af) =
nD,
0.0086
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dAj nDf
= 0.013
Uncertainty in final cross-sectional area.
dAf
»
0.013*0.001
0.00001 ;
Uncertainty in „%RA,
,%RA = +
y
• A (1.3)
%RA = 100
100
^  = % =  356.9
= -2040.82
Now assigning all the calculated values in equation 1.3, it is found that.
= [(356.9 * 0.000393)' + ( -  2040.82 * 0.000013)'
= 0.14
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One example o f the use of the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this thesis.
E3.4 Uncertainty Calculation in Time-To-Failure (TTF)
The TTF is obtained from the Filed Point software of the slow-strain-rate (SSR) unit,
which is accurate up to y ^ t h  of a second in finding the TTF. Therefore, the uncertainty 
of the TTF in the SSR testing is negligible.
E4 Uncertainty Calculation in Cyclic Potentiodynamic Polarization (CPP) Testing
The accuracy o f the potentiostat provided by the manufacturer is ± 0.003 mV within a 
range o f 1 mV.
Sample calculation: For corrosion potential (Ecorr) = 254.2 mV 
The uncertainty in Ecorr = 283*0.003
= 0.849 
= ± 0.849 mV
One example o f the use of the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this thesis.
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